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ABSTRACT 

Context. Sagittarius A* (Sgr A*) at the center of the Milky Way is a black hole accreting at extremely sub-Eddington rates. 
Measurements of its emission in the infrared and X-ray domains are difficult due to its faintness and high variability. 
Aims. The Galactic Center was observed at 8.6/jm in order to detect a mid-infrared (MIR) counterpart of Sgr A*, parallel to NIR 
observations. The goal was to set constraints on possible emission mechanisms. 

Methods. Imaging data were acquired with the adaptive optics assisted NIR instrument NACO and the MIR instrument VISIR at the 
ESO VLT. 

Results. We present MIR imaging data of an unprecedented quality in terms of spatial resolution and sensitivity. An extended ridge 
of emission is found to be present in the immediate vicinity of Sgr A* and thus renders any detection of a point source difficult. No 
MIR point source related to Sgr A* was detected during the observations. We derive a tight upper limit of 22 ± 14 mjy (dereddened) 
on any possible point source present during the observations in the night of 4/5 June 2006. The absence of a flare in simultaneous 
observations at 2.2 fim and the low limits on any possible variability in the MIR suggest strongly that Sgr A* was in a quasi-quiescent 
state during this night. During the night from 5 to 6 June 2006, Sgr A* was found to be variable on a low level at 3.8 pm. No point 
source at 8.6yum was detected during the simultaneous MIR observations. Due to the poorer atmospheric conditions a higher upper 
limit of 60+30 mjy was found for Sgr A* at 8.6yum during the second night. 

Conclusions. The observations are consistent with theoretical predictions. If the published models are correct, the observations 
demonstrate successfully that a 8.6//m counterpart of Sgr A* can be easily detected in its flaring state. Spectral indices derived 
from simultaneous observations of flaring emission from Sgr A* at NIR and MIR wavelengths will enable us to distinguish between 
different kinds of flare models. 
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j_l ■ 1 ■ Introduction ICotera et al.lll999HEckart"eT al. 2006a). The detection of Sgr A* 

at MIR wavelengths is difficult due to the lower spatial resolution 
The center of the Milky Way harbors a sunermassive black compared t0 NIR wavelengths, the general difficulties of imag- 
hole of 3.6 X 10 6 M o (e g.,| Schodel et alj | 2002|; | Ghez et al. || 2003t ing in the therm al IR regime, and the presence of warm dust near 
|Eisenhaueretal.||2005|). The non-thermal source related to this Sgr A * Warm dust is associated with the mini-spiral gas stream- 
supermassive black hole, Sagittarius A* (Sgr A*), radiates at ers that pass close t0 Sgr A * Ther efore, Sgr A* is no isolated 
only 10~ 9 - 10- times its Eddington luminosity from radio point source in the MIR and its detection requires high image 
wavelengths to the X-ray domain. Its low luminosity is con- qualityi above all high spatial reso lution, in order to achieve a 
sistent with emission from so-called radiatively inefficient ac- sufficie ntly high contrast. Here, we report on new MIR observa- 
tion flows, a jet or a combination of the two models (e.g., tionSi using the European Southern Observatory's MIR imager 
|Yuan et al|2002|, |2003j |Bower et al|2004|; |Shen et al.||2005|). and spectrograph VISIR at the Very Large Telescope (VLT) on 

X-ray and near-infrared (NIR) counterparts to Sgr A* were Cerro Paranal in Chile, 
only discovered with the availability of sensitive, high-resolution Although Sgr A* was not detected, the acquired images are 
instruments for these wavelengths. It was found that Sgr A* _ in terms of sensitivity and spatial resolution - the highest quai- 
ls highly variable at these wavelengths, showing flaring emis- ity 8 6 ^.^ages of the Galactic Center (GC) region published 
sion on time scales of ~ 60 - 100 mm, with flux increases up up t0 n0Wi allowing us to report the so far tightest upper limit on 
to 100 at X-rays and up to 10 in the NIR (e.g.jBaganoff et al.| me 8 .6 /urn flux of Sgr A*. Even more interesting is that we can 
|200j | Genzel et al. || 2003|) . The variability at X-ray and IR wave- show _ via simultaneously acquired adaptive optics NIR imaging 
lengths appears to be simultaneous dEckart et al.||2004j |2006a|). data _ that the infrared flux of Sgr A* agrees well with models 
At MIR wavelengths, only upper limits to the flux of Sgr A* have of the qu i e scent/low activity emission. This information allows 
been reported so far (|Stolovy et al.|U996j |Telesco et al.| [1996j us t0 concmde that -according to currently accepted theoreti- 

cal models - Sgr A* can be easily detected at MIR wavelengths 

Send offprint requests to: R. Schodel during a bright flare. Such an observation will allow to derive 
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Fig. 1. Sgr A* and its immediate environment at 8.6 jim. Direct 
shift-and-add image. Contour lines as in are plotted in steps of 
0.5 mJy from 0.5 to 20mJy per pixel (one pixel corresponds to 
0.075" x0.075"). Some well known sources are labeled. The red 
circle has a radius corresponding to the FWHM of the diffraction 
limited beam size (~0.25") and is centered on the position of 
Sgr A*. The astrometric accuracy is < 0.03". 



the NIR-to-MIR spectral slope of Sgr A* during flares and thus 
to distinguish between different flare models. 



2. Observations and calibration 

The GC was observed in the MIR N-band with the ESO VLT 
unit tel escope 3 (UT 3) using t he MIR imager/spectro graph 
VISIR (lLagage et al.1120031 12004|) in the nights of 4/5 and 5/6 
June 2006. The pixel scale was 0.075" per pixel. The PAH 1 fil- 
ter with a central wavelength of 8.59jum and half-band width 
of 0.42 yum was used. The standard nodding (~330deg east of 
north) and chopping (with a chop throw of 30") technique was 
used. Standard data reduction was applied, i.e. the sky back- 
ground acquired during the chopping and nodding observations 
was subtracted from the images of the target and individual 
frames were combined with a simple shift-and-add technique. 
Dithering was applied during the observations, leading to a FOV 
in the combined mosaic images of ~30" x 30". The seeing dur- 
ing the observations on 5 June 2006 was good enough to result 
in a PSF FWHM of -0.3", close to the diffraction limit of the 
VLT at 8.6 //m. 

In this work, we use also NIR imaging data that were ob- 
tained parallel to the MIR data with the adaptive optics im- 
ager/spectrograph NACO at the ESO VLT. On June 5, the data 
were obtained in the Ks-band in polarimetric mode with a pixel 
scale of 0.013" per pixel. The data reductio n and flux calibration 
was identical to the procedures described in Eck art etal] ((2006b) 
and in Meyer et al. (2006, A&A, in press). The L'-band (3.8 //m) 
imaging data were obtained with NACO/VLT on 29 May and 
6 June 2006 with a pixel scale of 0.027" per pixel. The reduc- 
tion of the L'-band data was standard and identical to the data 
reduction procedures described in Muzic et al. (2006, submitted 
to A&A). Details of the NIR and MIR observations are listed in 
Tab.E 

Flux calibration was achieved by observations of the stan- 
dard star HD178345 (14.32 Jy in the PAH 1 filter, see ESO 



VISIR web site and ICohen et all 1 1999b . The isolated standard 
star was also used as PSF reference for image deconvolution. 

The astrometric reference frame could be established via the 
positions and proper motions of the stars IRS 3, IRS 7, IRS 9, 
IRS 14NE, IRS 1 2N, I RS 2L, IRS 6E, and IRS 29, that were 
published by|Ott| d2004i) . All of these stars were detected on the 
VISIR image as point sources. The positions of these eight stars 
were used to solve transformation equations up to second order. 
The accuracy of the astrometric solution could be checked by 
choosing sub-groups of seven out of the eight stars and repeating 
the transformation. Also, we compared the measured astromet- 
ric position of the stars IRS 16NW, IRS 16C, and IRS 29 to their 
predicted positions. The position of Sgr A* could thus be estab- 
lished with a lcr uncertainty of 0.03" (less than half a pixel) in 
the M IR data. This is abou t a factor of 10 better than in previous 
work dStolovv et al.ll 1996h . There are two main reasons for this 
increased astrometric accuracy: on the one hand, the high sensi- 
tivity and spatial resolution of the VISIR data, and on the other 
hand, the improved IR position of Sgr A* due to precise posi- 
tions and prope r motions of stars in the NIR (e.g jGenzel et al.l 
2000; Ott 2004) and due to the well-known position of Sgr A* 
in the IR reference frame via SiO maser sources (e.g., Reid et al. 
120031) . 

Figured] presents the flux calibrated direct shift-and-add 
image image of the central arcseconds around Sgr A* for the 
night of 4/5 June 2006. Significant signal power was found 
to be present at the diffraction limit (> 60%, estimated by 
aperture photometry). 

3. Flux limits on Sgr A* at 8.6, 3.8, and 2.2 /im 

A Lucy-Richardson deconvolved and beam restored version of 
the image from Fig. [1] is shown in Fig. [2] The deconvolved 
and beam restored image resembles closely the original image, 
but emphasizes some of the finer details. There is a dust ridge 
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offset from Sgr A*, RA ["] 

Fig. 2. Lucy-Richardson deconvolved and beam restored ver- 
sion of the image shown in Fig. Q] with identical labeling and 
contour lines. We derive fluxes of 22+5, 21 +5, and 180+20 mJy 
for the point sources IRS 16C, IRS 16NW, and IRS 29 (without 
extinction correction). The flux of Sgr A* was estimated by sub- 
tracting sources of given flux at the position of Sgr A* from the 
image in Fig. [Hand checking whether a deformation of the dust 
ridge at the position of Sgr A* could be seen in the deconvolved 
and beam restored image. 
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Date 


W, [UTC] 


Up [UTC] 


A c \jim\ 


A/1 [pm] 


DIT [s] 


NDIT 


N 


seeing ["] 


29 May 2006 


04:55 


08:01 


3.80 


0.62 


0.2 


150 


108 


0.6" 


05 June 2006 


04:55 


08:01 


8.59 


0.42 


0.02 


98 


1104 


0.6" 


06 June 2006 


04:33 


07:37 


8.59 


0.42 


0.02 


98 


1104 


1.5" 


05 June 2006 


04:55 


08:01 


2.18 


0.35 


30 


1 


62 


0.6" 


06 June 2006 


04:33 


07:37 


3.80 


0.62 


0.2 


150 


1104 


1.5" 



Table 1. Summary of observations with VISIR and NACO at the ESO VLT used in this work. A c is the central wavelength of the 
filter used and AA its FWHM. DIT is the detector integration time, NDIT the number of detector readouts averaged online, and N 
the total number of images of the target that were acquired. The total integration time corresponds to DIT x NDIT x N. The total 
integration time during both MIR observations was thus 36 min. The last column indicates the average optical seeing conditions 
during the observations. 



present very close to the position of Sgr A*, where it bends 
from an east-west extension to a direc tion southeast-north west. 
In earlier MIR observations of the GC lStolovy et all 0.996) have 
found very similar structures near Sgr A*. Due to their high spa- 
tial resolution and sensitivity, the new data show much richer 
details, however. Even some stars, such as IRS 29, IRS 16NW 
and IRS 16C (labeled in Fig. [U can be detected. In spite of the 
high quality of the data, no obvious point source is present at 
the position of Sgr A*. We concl ude that the source coincident 
with Sgr A* that was reported bv lStolovv et alj 0996) was most 
probably related to the background emission of the dust ridge 
and not to Sgr A* itself. All the flux appears to originate from 
the dust ridge. This assumption can be used to obtain a first sim- 
ple flux estimate for Sgr A*. Such an estimate can be obtained 
by adding or subtracting point sources of given flux at the posi- 
tion of Sgr A* and checking whether the shape of the dust ridge 
is altered perceptibly in the images. After testing various flux 
levels, we estimate that a point source at the position of Sgr A* 
that is present in the image cannot b e brighter tha n ~5 mJy . 

With AO L '-band imaging lEckart et ail d2006ai) and 
iGhez et all d2005l) have demonstrated the presence of a dust blob 
between a bout 0.03" and 0.15 " southwest of Sgr A*. As dis- 
cussed by lEckart et al.l d2006af) . it is probably this blob that is 
responsible for most of the MIR emission near the position of 
Sgr A* when the latter is in a quiescent state. This blob is clearly 
visible in the MIR images presented here and forms part of the 
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Fig. 3. Contours of diffuse L'-band emission overplotted onto 
the VISIR 8.6 fim image. Contour levels are drawn between 10 
and 200 ^Jy in steps of 10 fiJy and between 0.1 and 2mJy in 
steps of 0. 1 mJy 




log[v(Hz)] 

Fig. 4. Emission models for Sgr A* (I Yuan et al.ll2003l |2004|) . 
The upper limit on the flux of Sgr A* at 8.6/im determined 
in this work is indicated together with the simultaneously mea- 
sured (NACO/VLT) flux at 3.8 fim on June 6 and the upper limit 
on the 2.2/mi emission on June 5 superposed onto RIAF mod- 
els of the quiescent (dotted line) and flaring (dashed and solid 
lines) emission from Sgr A*. All flux measurements were cor- 
rected for extinction. The spectral slope measured between the 
MIR and NIR during a flare will allow to distinguish between a 
model where the X-ray emission is due to acceleration of elec- 
trons that produce NIR synchrotron radiation that is up-scattered 
into the X-ray domain (steep MIR-to-NIR slope), and a model 
where the NIR emission is due to synchrotron emission from 
electrons heated to a higher temperature, while the X-ray emis- 
sion is due to synchrotron emission from some electrons that 
were accelerated into a hard power law distribution (flat MIR- 
to-NIR slope). 



dust ridge. Therefore, a second way of estimating the flux of 
a putative point source near Sgr A* can be obtained by try- 
ing to account for the extended dust emission. For this purpose 
we used a high-quality L'-band image obta ined with NACO in 
the night 29/30 May 2006. The StarFinder dDiolaiti et al.ll2000l) 
code was used to extract the stars from the image (including a 
point source due to the emission from Sgr A*) and thus to ob- 
tain an image of the diffuse emission at 3.8^m. This image was 
smoothed, transformed and scaled (with the help of the IDL rou- 
tines POLYWARP and POLY_2D) to fit the scale, orientation, 
and resolution of the MIR data. Flux calibration of the L'-band 
data was achieved by using the published fluxes of the sources 
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IRS 16C and IRS 33N dBhim et al.lll996b . Figure [3] shows the 
diffuse 3.8 fim flux superposed as contour lines onto the MIR 
image from the right panel of Fig. [T] The median ratio of the 
diffuse flux at the two wavelengths in a circular area of 0.75" 
around Sgr A* is 29 ± 7. This value was used to scale the diffuse 
flux present in the L'-band data and to subtract it from the MIR 
image. Here it is important to note that the flux density ratio is 
much higher in other areas of the mini-spiral. In the northern 
arm it can be up to 100. Therefore we obtain a conservative esti- 
mate of the remnant flux. After subtraction of the scaled diffuse 
3.8 fim emission we find an upper limit on the flux of a putative 
point sour c e at th e position of Sgr A* of 8±5mJy. Following 
iLutz et all d!996t) . this corresponds to an extinction corrected 
flux of 22 ± 14mJy for the image obtained on 5 June 2006. The 
lower data quality on 6 June 2006 leads to a higher upper limit 
of 60 + 30 mJy (extinction corrected) on any possible Sgr A* 
counterpart. 

During the simultaneous observations at 2.2 /urn on June 5, 
no counterpart to Sgr A* was detected. The upper limit for the 
flux of Sgr A* was determined to 2 + 1 mJy. Although the quality 
of the L'-band observations from June 6 was fairly low (due to 
bad seeing, poor AO correction and electronic noise on the de- 
tector), a weak variable counterpart of Sgr A* could be detected. 
Its variability wa s measured to be a factor < 2 and its extinction 
dLutz et alJI 19961) corrected flux to be 10 + 5 mJy. 

4. Discussion 

A central question is whether Sgr A* was really in a state 
of quasi-quiescence when the MIR observations were taken or 
whether Sgr A* is generally too faint to be detected at MIR 
wavelengths, even when a flare occurs. We argue that Sgr A* was 
in a state of quasi-quiescence during the observations on 5 June 
2006 for three reasons, (a) The simultaneous observations with 
NACO at 2.2 fim show that Sgr A* was not detected at 2.2 fim, 
i.e. no NIR flare was observed, (b) Models predict the emission 
of Sgr A* at 8.6 fim during a flare to be up to 10 times stronger 
than the upper limit reported by us (see Fig. |4j». (c) Differential 
imaging allows us to derive tight upper limits on the variability 
of Sgr A* at 8.6yum during the observations. From a difference 
image between the data from 5 June and 6 June an upper limit of 
15 + lOmJy can be derived on any possible variability of Sgr A* 
between these two days. The high quality data from 5 June allow 
to estimate the upper limit to the variability of Sgr A* during the 
observations from differential imaging between individual im- 
ages (~30 s of integration time, with 1 .5 to 2.5 min time between 
them) taken during this night to 10 ± 6mJy. Our conclusion is 
that Sgr A* was indeed in a state of quasi-quiescence during the 
MIR observations at 8.6 fim. 

The lower quality of the June 6 data leads to higher limits 
of 30 ± 20mJy for variability between the individual images. 
The L'-band observations show that Sgr A* was continuously 
variable during the observations on 6 June. The simultaneously 
acquired upper limit on the average flux of Sgr A* at 8.6 fim and 
the limits on shorter timescale variability at this wavelength are 
consistent with the measurements at 3.8 fim 

Measurements of the Sgr A* quiescent and flaring emission 
are indicated in Fig. [4] a long with theoretic al models (data and 
models taken from I Yuan et aT]|2003L [2004). The simultaneous 
measurements at 2.2, 3.8, and 8.6/vm derived in this work are 
indicated in the Figure. Two conclusions can be drawn, (a) The 
acquired upper limits on the IR flux density of Sgr A* at 2.2 
and 8.6jum set tight constraints on the quasi-quiescent emission 
and are consistent with the theoretical models shown in the fig- 



ure. The measurements at 3.8 and 8.6yum are consistent with 
the models, too. The measurements are als o in agreement wit h 
the synchrotron/SSC models presented by Ecka rt et"ai] (Hp06a). 
Published jet models predict signi f icantly higher flux es in the 
MIR (see Falcke & Markoffl 120001: lYuan etal.1 12002|) . but can 
probably be easily adapted to account for the new upper limits, 
(b) VISIR at the ESO VLT is sensitive enough to detect flar- 
ing emission from Sgr A* during a bright flare without difficulty 
and during a fainter flare during periods of good and stable at- 
mospheric conditions. When combined with simultaneously ac- 
quired NIR measurements the MIR-to-NIR spectral index de- 
rived from such observations can be used to distinguish between 
different flare models. 
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